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SUMMARY

Scale-model studies were conducted with annular and cilrcular nozzles
to determine the effect of ground proximity on thrust. The studles were
made using cold air, various nozzle-to-ground distances, nozzle pressure
ratios from 1.16 to 2.7L, and several nozzle configurations.

The data show that proximity of the &round to an annular nozzle will
cause a thrust augmentation. The thrust for an ennuler nozzle compared to
that of a cilircular nozzle of equal flow area will be of the order of 50
percent greater for a ratio of nozzle-to-ground distance.to the annular -
nozzle base diameter of 0.2. The nozzle-to-ground distance st which thrust
augmentation begen (defined as critical nozzle-to-ground distance) was a
function of nozzle pressure rgtio and the ratio of nozzle flow area to noz-
zle base area, typlcel velues belng of the order of 1.2 to 1.6 times the
nozzle bese diameter. Thrust augmentation was generally accompanied by an

increased with a decrease in nozzle-to-ground distance.

With a circular nozzle the proximity of the ground will cause a
decrease in thrust. This thrust reduction is a function of nozzle-to-
ground distance, nozzle diameter, and nozzle pressure ratio. The critical
nozzle-to-ground distance for & circular nozzle is a functlion of nozzle
pressure ratio. For nozzle pressure ratios of 1.16 and 2.71 the critical
nozzle-to-ground distances in terms of the exhaust-nozzle diameter occurred
at 0.92 and 0.57 diameter, respectively.

A brief discussion of the significance of these studies and thelr
application to verticelly rising aircraft is included.
INTRODUCTION

The apparent alterations of the serodynsmic charscteristics of 1lift-
ing surfaces when flying close to the ground usually termed "ground
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effect” have long been known and explained by means of multiplane theory.

The ground-effect phenomenon applies both to wing surfaces of conventional *
aircraft (ref. 1) and rotating 1lifting surfaces of helicopters (ref. 2)

and results in a general augmentation of the 1lifting cepsbility of the
sircraft near the ground. With the advent of vertically rislng aireraft
employing turbojet engines whose jet streams may impinge on the ground,

sn evalustion of the ground effect on the thrust obtained from a nozzle
directed perpendlcularly to the ground is required.

Experience has shown that the proximity of the ground to a jet stream '
directed perpendicularly to the ground may result in elther a thrust re-
duction or a thrust augmentation depending on the nozzle configuration
employed snd the distance from the nozzle to the ground. For a conven-
tional circular exhaust nozzle, such as used in tall-sitting vertical-
takeoff-and-landing alrcraft, the proximity of the ground to the nozzle -
produces a reduction in thrust due to ground interference effects at the
nozzle; consequently, the jet nozzle on an alrcraft of this type must be
located a sufficient distance sbove the ground during takeoff and landing
to prevent the loss in thrust associsted with this ground effect. A sim-
ilar problem exlsts for vertical-tekeoff aircraft equipped with swivelled
exheust nozzles or rotatable turbojet engines. . :

For some novel aircraft configurations the use of an annular nozzle )
may be considered for takeoff and laending operations., ©Such a nozzle may
coneist of a centerbody or base plate surrounded by a flow annulus as
shown in the followlng sketch: !

Airflow Centerbody

Outer
shell_

—

For this nozzle configuration and with the Jet stream perpendicular to
the ground a thrust sugmentation occurs as the nozzle approaches the
ground. The total thrust for an apnular nozzle near the ground consists .
of the direct jet thrust and the pressure reaction between the ground

and the nozzle base. The thrust augmentation incresses as the annular

Ground
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nozzle comes closer to the ground. An sircraft using such a novel nozzle
configuration is not & true vertical-tekeoff-and-landing aircraft but may
be considered a Jet- supported or -cushioned aircraft for takeoff and
landing operations.

An explorstory study wes conducted at the NACA Lewls leborebtory to
determine the megnitude of the ground proximity effects on the thrust
obtained using circular and annuler nozzles when the Jet stream is per-
pendiculer to the ground. Data also were obtained to determine the criti-
cal distance from the nozzle to the ground (that distence st which thrust
changes occur). All these data were obtained with scaled nozzle configu-
rations and cold air but at pressure retios across the nozzles similar to
those used in full-scele engines. An effort was made, within the range
of conditions covered in the study, to present the dats 1n parameters
useful in applying the dats to full-scale nozzle configurations.

SYMBOLS
The following symbols ere used herein:

A, nozzle base plate ares, |sg-in.

Aj Jet flow ares, —in..or.gq £t ag indicated

Ap  total nozzle ares, Aj + Ay, sg in.

D, diameter of nozzle base plate, in.

inside diameter of outer nozzle shell, in.
¥y . thrust due to nozzle base plate, 1b

F;, thrust loss, 1b

Fy  totel thrust, lb

G annular gap between outer shell and nozzle base plate, in.
h distance from ground plete to nozzle outer shell, in.
7 ground station messured from nozzle centerline, In.

PJ . Jet total pressure, in. Hg gage (?fﬁg
1o/ d
P nozzle total pressure, in. Hg &bs r’fyq

RRYy APy /%y 2% ,uu»uz/)d»f/j abs

- Po ATHIS  Predesir ) i ,l-(/]ﬁé;

Ny
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pJ Jet static pressure,~in. Hg &bs
Po atmospheric pressure, in. Hg abs o -
ry, radius of nozzle base plate, in.

5 distance from end of outer cylindrical shell to nozzle base plate,
in.

Subscripts:
av  averege
cr critical

o inditial

APPARATUS
Description of Test Facility

Test stand. -~ A static test stand shown in figure 1 was used to sup-
port the nozzle configurations and obtain thrust measurements. The test
stend consisted of a plenum section (inside diameter, 3 in.; length, 16.5
in.) mounted horizontally on & link-supported force-measuring system.
Cold air was supplied to the plenum by 2.5-inch-inside-diameter twin
supply llnes (fig. 2). These lines were located diesmetrically opposite
one another and at right angles to the plenum in order to eliminate side
and thrust forces caused by the entering air. The lines were also iso-
lated from the force-meassuring system by flexible couplings at each end
of the supply lines. A flange to which the nozzles were bolted was pro-
vided at the downstream end of the plenum sectlon.

A 30-inch square metal plsate representing the ground (hereafter re-
ferred to as the ground plate) was mounted vertically on a movable plat-
form downstream of the static test stand (fig. 1). The distance from a
nozzle to the ground plate was vearied by a remotely controlled motor=-
driven screw mechanism on the-platform. The distance was determined from
& calibrated counter connected to the screw drive. The angle of the
ground plate to the nozzle axis could be varied menually from 90° to 75°.

Instrumentation. - The airflow through the main eir supply line (6—
in. inside diameter) was calibrated by means of vertical and horizontal
total- and static-pressure tube traverses. From this calibration the

pressure indications from a single pitot-static tube mounted In the center

of the main supply line were then sufficilent to determine the airflow
during the nozzle tests. Alxr temperature was measured by copper-
constantan thermocouples located in the plenum section and in the mailn

alr supply line.

~
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The total thrust obtained with the nozzle configurations was mess-
ured by strain gages mounted on the link supporting the upstream end of
the plenum sectlon (fig. 1). The force measurement from these strain
gages was recorded on a modified flight recorder. For the study reported
herein the strain gesges mounted on the vertical support link were not used
except to verify that no vertical forces were incurred that might require
consideration in the analysis of the axial-~-thrust data.

The ground plate was Instrumented with flush pressure taps located
in the vertical plane. These pressure taps were used to obtain pressure
profiles on the ground plate caused by the impinging sir from the nozzles.-

Miscellaneous equipment. - Photogrephs of the Jet shape, especially
in the proximity of the ground, were obtained with a schlieren apparatus.
This setup consisted of a single mirror system of conventional design but
incorporating a microsecond flash arrangement.

Description of Nozzles

Annular nozzles. - An annuler nozzle (fig. 3) consisted of the fol-
lowing primery parts: outer cylindrical shell, centerbody including noz-
zle base plate, and support struts. The centerbody and one support strut
were hollow to permit installation of and access to instrumentation on the
nozzle base plate without disturbing the airflow through the annulus.

The outer cylindrical shell was adjustable in the axial direction with
respect to the centerbody by means of slotted brackets (fig. 3). A pres-
sure seal was used to prevent alr leskage between the statlionary and
moveble portions of the outer shell. Several metal rings could be in-
serted in the annulus as shown in figure 3 in order to veary the flow ares
at the nozzle exit. Pertinent dimensions of the annuler nozzles are
summerized in the following teble:

Nozzle| ITnside diameter|Nozzle base|Jet flow |Annulus|Ratio of Jet + T
of outer shell |dlameter, |area, Aj,|width, |flow area to| —=- ip
Dg, in. D, in. sq in. | G, in.|total nozzle| K 7%
aresa, AJ/At
A 5.00 750 4.16 6.05 0.42 - 0.3L /68
B 4.75 237 4.16 4.10 .29 .23 098
c 4.60 239 4.16 3.06 .22 .18 67
D 4.51 319 4.16 2.35 .17 .15 067

Pressure taps were located axially along the inside wall of the
outer shell and in the vertical plane on the nozzle base plate. In addi-
tion, four pressure taps spaced 90° mpart were located peripherally around
the centerbody near the nozzle exit plane. A single total-pressure probe
was mounted Just outside the nozzle-exit plane. This latter probe was
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adjustable to facilitate measuring the total pressure across the annulus.
Three pressure taps were also installed across the blunt end of the outer

cylindrical shell.

A special smeller scale annular nozzle shown in flgure 4 was used
in obtaining schlieren photographs of the Jet shape with and without
ground effect. . - i

Circular nozzles. - The circuler nozzles studied were simple con-
verging nozzles as shown in figure 5 and had the following pertinent
dimensions:

Nozzle | Exit dlameter, | Flow ares, Lys
in. sq in.
E 2.50 4.91
F 2.75 5.94

A total-pressure probe located nesxr the nozzle exit was used to measure
the total pressure of the Jet stream.

PROCEDURE

Force and pressure data were obtelned over a range of nozzle pres-
sure ratios from 1.16 to 2.71. All pressure data were photogrsphically
recorded from a multiple-tube manometer and correlated with thrust mess-
urements recorded on the modifled flight recorder.

In general, the nozzle pressure ratlo across the nozzle during a
test was set at a predetermined value and all pressure and thrust dats
were recorded as the ground plate was systematlcally advanced toward the
nozzle. For most of the studies the ground-plate angle with respect to
the nozzle centerline was 90°; however, a limited number of runs were
mede with ground-plate angles of 85° and 75° from the vertical nozzle
axls. Systematic studles for some nozzle confilgurstions were made to
determine the effect on thrust of varying the location 3 of the exit
of the outer shell with respect to the nozzle base plate (fig. 3).

Schlieren photographs illustrating significant characteristics of-
the jet shape in the proximity of the ground were obtained at nozzle pres-
sure ratios of approximately 1.30, 1.85, and 2.30 for the nozzle shown Iin

figure 4.

RESULTS AND DISCUSSION

The thrust changes caused by the proximity of the ground to the
various nozzle configurstions are presented in terms of ground proximity

6627
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parameter h/D, thrust parameters F/A and F/AP (proper subscripts
defining the specific velues used), nozzle area ratios (in terms of Ag,
As, and Ap a8 required), and nozzle pressure ratio Pn/fo. Because of
the limited nozzle confilgurstions studied, the parameters and exponential
powers used in correlating the data apply directly only over the range of
test conditions and nozzles covered in this study. These pesrameters and
exponential powers were obtained empirically and mey change somewheat' for
a more complete range of variables. Because of the small scale of the
models used for this study the pressure gradients and Reynolds number
associated with full-scale nozzles may affect the results presented

“herein.

In general the presentation and analysils of the data are divided
into five categories: (l) magnitude of the thrust change as a function
of nozzle characteristics and distance from the ground to the nozzle,

(2) distance of the nozzle from the ground at which e thrust change first
occurs (critical distance), (3) effect of ground proximity on the back

.pressure at the nozzle exit, (4) shepe of the ground pressure profile as ’

a function of nozzle characteristics and distance from the ground to the
nozzle, and (5) thrust characteristics of the verious nozzles without
ground effect compered to those calculated theoretically for a conven-
tional circuler nozzle.

Annuler Nozzles

The thrust for an annuler nozzle is assumed herein to consist of the
jet thrust and the pressure reaction on the nozzle base plate. The effect
of pressure gradients on the internal surfaces of the nozzle centerbody
on thrust is neglected. Thrust augmentetion for the ennular nozzle occurs,
therefore, when the pressure forces on the nozzle base are greater than
the gtmospheric pressure, while thrust losses occur when these pressures
are less than the atmospheric pressure.

Tor en ennulsr nozzle thrust augmentation occurred when the distance
from the ground to the nozzle was less than gbout 1.2 to 1.6 times the
nozzle base dismeter. The sugmentation resulted from a positive pressure
buildup on the nozzle base plate as the nozzle approached the ground.
Without & ground surface or at nozzle-to-ground distances greater than
the criticsl distance, the thrust of an annular nozzle is less then that
of & theoreticsl circuler jet nozzle of equal flow area. The magnitude
of thrust augmentation and the critical height of the nozzle from the
ground depended on the physical dimensions of the nozzle and the nozzle
pressure ratio, as is discussed more fully in later sections of this
report. Furthermore, the thrust augmentation with a fixed-exhaust-area
annuler nozzle was accompenied by an increase in Jjet total pressure,
which for an airplasne configuration would constitute a back pressure on
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the engine. The increase in Jet total pressure due to ground proximity
"increased wlth a decrease 1n nozzle-to-ground distance.

An iIndication of the thrust—augmentation posslble by means of ground
effect with an annulsr nozzle 1s glven in figure 6. In this figure
thrust is shown as & function of h/Db for nozzle configuration A, a

nominal nozzle pressure ratilo Pn/PO of 2.0, end & & of 0.125 inch.

The dsta shown are for two operationsl means of passing ailrflow through
the nozzle: (1) maintaining.a constant Jet total pressure independent of
h/Dy location, and (2) permitting the Jet total pressure to increase as
h/D, decresses, that is, permitting back pressure to bulld up. In addi-
tion, the theoretical thrust of a circular Jjet (without ground) of equal
nozzle flow area i1s also shown for comparison. Thrust augmentation in
the form of an abrupt change in thrust begins at-an h/Db value of gbout
1.57. With constant Jet total pressure the thrust of the annuler nozzle
is 16 percent less than that calculated theoretically for a conventional

circuler nozzle st h/Dy values greater than critical (or without ground).

At h/Db values less than critical the thrust of the annular nozzle with

constant pressure ratio is increased over thet for the circular nozzle
without ground by 58 percent st an h/Db of 0.25. Similar results were

obtalned for the case of increasing Jet total pressure in the annuler
nozzle, but the thrust sugmentation obtained for a given h/Db was

slightly larger then that for the case of constant jet total pressure.

Typlcal photographs of the Jet shape 1ssulng from an annular nozzle
are shown in figure 7 for several locabtlons of the ground with respect to
the nozzle exit. The nozzle pressure ratlio for the Jjet shown ln these
photographs was epproximately 1.65. In figure 7(a) the jet shape without
ground 1s i1llustrated. For this condition, as 1s shown later, negastive
pressure wilth respect to the surrounding atmosphere exists on the nozzle
base plate; consequently, the annular jet stream converges or necks down
behind the nozzle. In figure 7(b) a ground plate has been inserted down-
stream of the nozzle; however, the distance between ithe nozzle and ground
is still sufficlently great so that no thrust augmentation occurs., In
effect the Jet shapes shown in figures 7(a) and (b) are similar. Disper-
sion of the impinging jet on the ground plate is apparent in figure 7(b).
In figure 7(c) the ground plate 1s sufficiently close to the nozzle to
cause thrust sugmentation. The shape of the annuler Jet is changed and
no longer converges behind the nozzle. Because the pressure on the noz-
zle base plate is now positive with respect—to the stmosphere (to be
discussed later), the Jet even tends to diverge slightly downstream of
the nozzle exit. The point at which a change in Jet ‘shape occurs is
signified by rapld fluctuations of thrust because the jet shape is un-
steble. This jet insteblliby occurs over only a very narrow reglon, as
is discussed in the following sections. Moving the ground closer to the
nozzle than the distance shown in figure 7{c) results in increased thrust

6627
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augnentetion end s somewhat wider divergence of the Jjet downstream of the
nozzle. Simllar Jjet shepes were obtalned at both higher and lower nozzle
pressure ratios than that of figure 7. It is of interest to note that
for most of the data obtained with the nozzle type shown in figure 3
sufficlent webter vepor was condensed out of the slr leaving the nozzles
to permit easy visualization of the jet shape, which aided in establish-
ing the criticsl ground-to-nozzle distance at which thrust sugmentation
began. :

The following sectlions present generallzed correlations of the
annuler-nozzle thrust and flow characteristlcs in terms of pertinent
parameters.

Base plate thrust augmentatlon. - As previously polnted out, the
total thrust of an annular nozzle consists of the thrust of the Jjet streanm
and the pressure reaction on the nozzle base plate; the effect of the
pressure distribution on the internal surfaces of the centerbody 1s neg-
lected. Since the force-measurling system measuwres only totael thrust, the
thrust augmentation or reduction due to the base pressure reaction was
obtained from an integrastion of the pressure distribution over the nozzle
bese plate. These data are shown in figure 8 in terms of a thrust param-
eter Fb/Aij as a function of the ground proximlty parameter h/Db. -

For a particular nozzle configuration it is apparent that the dsta may be
represented by a single curve. The curve is discontinuous at the point
where the Jjet changes shape with negative valuee of Fb/Aij indicating

thrust reduction and posltive values of Fb/thj indlcating thrust aug-

. mentation. The precise value of h/Db at which the Jet changes shspe

and thrust augmentation occurs is a function of nozzle pressure ratio and
nozzle configuration, as is discussed later. A thrust parameter vslue of
zero Indicaetes that the pressure on the nozzle bhase is atmospheric and
neither asugments nor reduces the thrust obtained from the Jet. As the
ground surface spproaches the nozzle after a change in Jet shape has
occurred, the thrust parameter increases wlth decreasing h/Db values.
For nozzle configuration A, a value of Fb/AbPJ of approximately 0.49
occurs at an h/Dy location of 0.2. The location of the outer shell
with respect to the nozzle plate shows no effect on thrust augmentation
for & values of 0, 0.125, and 0.5 inch, as can be seen from a comparison
of the data in figures 8(&5, (b), and (05. As the ratio of the annular
Jet area decreases with respect to the nozzle base area (nozzles B and C
relative to A), the thrust augmentation at the same h/Db station de-~
creases (figs. 8(d) and (e)). 4As the jJetwstream annulus becomes extreme-
ly thin, it 1s apparently unseble to build up sufficlent pressure on the
nozzle base plate without the Jet deteriorating or spilling near the
ground.

The thrust sugmentation for an annular nozzle can also be expressed
convenlently in terms of the flow ares of the Jet stream instead of the
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nozzle base area. Since thrust sugmentation is independent of &, it
should be possible to correlete the various thrust augmentation curves of
figure 8 into a single curve by modification of the thrust parsmeter. An
additional term consisting of the ratio of annulsr jet flow area AJ to

total nozzle area.. Ay was therefore incorporsated, and a nozzle base
thrust paremeter (F.b/A.bPJ)(AJ/A,t)O'é obtained. Use of this modified

thrust parameter results in good correlation for all three annular nozzle
configurations used, as evildenced in figure 9. Average values from fig-
ure 8 were used in estegblishing the dete points shown in figure 9.

The total thrust of the annular nozzles, es measured by the strain
gage, 1s shown plotted in figures 10(a) to (d) in the form of a total-

thrust parameter (Ft/AJPJ)(AJ/At)O'l5 as a function of h/Db. Also

shown are the theoretical thrust perameter values for a circular nozzle
without ground effect. Individual curves of-CFt/AJPJ)(Ad/At)O'lS against

h/Db are obtalned for each nozzle pressure ratio studied herein. At each
nominal pressure ratlio the data from the annuler nozzles are generally
representable by a single curve. Deviations of the data from the faired
curves do occur, however, when the criticsl values of h/Db (location of
change in Jet shape) are approached. The thrust parameter shown in fig-
ure 10 decreases with increasing nozzle pressure rabtio for specified
velues of h/D,. For example, at an h/Db value of 0.3 the thrust pa-
rameters at nozzle pressure ratios of 1.5 and 2.5 are 1.95 and 1.83,
respectively. Although the value of the thrust parameter decreases with
an increase in nozzle pressure ratio, the actual thrust of-course in-
creases with increassing pressure retioc. The date shown in figures lO(a)
to (d) can be correlated to a single curve by modifying the thrust pa-
rameter shown in these figures by e function of nozzle pressure ratio.

The final total-thrust paresmetsr obtained (Ft/AJEB)(Aj/ht)O'lS (Pn/po)o'zo
1s shown in figure 10(e) as a function of the ground proximity parameter.

As is shown in figures 6 and 8, the jet thrust of the nozzle without
ground effect 1is reduced by negative pressures on the nozzle base plate
which constitute a base drag resulting in a thrust loss. As the nozzle
approaches the ground only & negliglble change in thrust is observed
until the- critical h/Db distance is reached, at which point the thrust
fluctuates rapidly between the initial thrust parameter values and those
after thrust augmentatlon has started (see fig. 6). At the same time
the pressures on the nozzle base plate fluctuated raplidly between negstive
and positive velues. The data shown in figure 8 indilcate a dependence -of
the thrust loss on nozzle pressure ratlo. A thrust-loss parameter

(FL/AJPJ)(A.t/A.t—AJ)Z'5 was developed which correlates the thrust-loss
data in terms of- Ph/po for ell configurations, as shown in figure 11.

-
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In general, good correlation of the data was obtained. However, it was
observed that at Pn/bo velues less than choking (Pn/po, 1.89) the data

for nozZle configuration D would no longer correlate. Analysis of the
pressure deta over ‘the nozzle base indicabed that for this nozzle configu-
ration the center of the base was at atmospheric pressure. Apparently

the jet pressures were insufficient to prevent the deterioration of the
Jet stream and thereby caused sbmospheric pressure to act on some portions
of the nozzle base. From these data it would eppear thet the thrust pa-
rameter shown in figure 11 may not be valid for nozzle confilgurstions
having Aj/Ab or Aj/At ratios smaller than those of configuration D.

The pressures on the blunt end of the outer cylindrical shell indi-
cated negliglble base drag contributions over the range of test condi-
tions used herein; consequently, these data measurements were neglected
in this enslysis.

Critical ground-to-nozzle distance. - The distance from the nozzle
to the ground st which thrust augmentation occurred h.,. was cbserved
to be e function of ratio of nozzle flow area Aj to total nozzle sares
Ay, of offset of the outer shell to the nozzle base B, and of nozzle
pressure ratio. For nozzle pressure ratlos of 1.8 and greater sufficient
water vapor was condensed in the Jet stream to permit visual observation
of the change in jet stream assoclated with thrust sugmentation, as pre-
viously mentioned. In addition, the rapid fluctuations of thrust, as
recorded on the strain-gage flight recorder, and the pressure fluctua-
tions on the nozzle base helped to esteblish the critical distance from
the nozzle to the ground at which thrust augmentation started. The baoy
value for the various annular nozzle configurations is shown in figure
12 as a function of nozzle pressure ratio. For a specifilc nozzle the
hep value increases slightly (3 percent) with increasing pressure ratio
up to the choking pressure retio; thereafter the h,, vslue decreases
slightly (about 2.5 percent) with increasing pressure ratio. As the
ratio Aj Ay becomes smaller, h,. occurs nearer the nozzle. In terms
of nozzle dimensions h,,. occurred at gbout 1.2 to 1.6 times the diam-
eter of the nozzle base plate. Smsll decreases In h,,. also occurred
a8 8 was increased. For nozzle configuratlon A, & change in 8 from
zero to 1.0 inch caused a decrease In hgp of about 10 percent at a noz-
zle pressure ratio of 2.l.

In order to represent the data shown in flgure 12 as a single curve J ’ S?

8 critlcal-ground-height parameter which contained all the independent —
variebles affecting h., except nozzle pressure ratio was developed. f T
h\

This perameter (h/D,)(L + 0.67 8/h) (A.t/AJ)O'4 i1s shown as & function of M

nozzle pressure retio in figure 13. Representation of the data by a _“i
single curve is evident, although it is salso apparent that completely i
satisfactory correlgtion of the data was not echleved by this parameter.

i T 678
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Effect of ground proximity oﬁ nozzle pressures. - For h/Db values
less than critical the jet total pressure in the nozzle generally in-
creased as h/Db decreased. These pressure increases are indicative of

a back pressure that would be exerted by the ground on the nozzle configu-

ration or engine. This back pressure would result in a chsnge in the
opergting curve for an engine. The effect of the back pressure can be
compensated for within limits by use of'a varisble-exhasust-ares nozzle
or an increase in fuel flow to maintain thrust or both.

The increase in Jet pressure Pj with decreasing values of 'ﬁ/Db
is shown in figure 14(a) for nozzle pressure ratios of-1.16 to 2.53,
For pressure ratlos of the order of 1.20 to 1.50 an increase in total
pressure occurs almost immediately after h,,. has been attained (h/Db
values of gbout 1.0). For nozzle pressure ratios greater than 1.50 the
total-pressure lncrease occurs at progressively decreasing h/Db—-- values,
At nozzle pressure ratios appreciably greater than choking the increase
in total pressure may not occur until the nozzle 1s in very close prox-
imity to the-ground; for example, at a Pn/bo of 2.50 the total-pressure
increase starts at an h/Db value of 0.35. The h/Db value at which an
increase in total pressure or nozzle back pressure occurs ls shown in
figure 14(b) as a function of P,/pp.

As the nozzle spproaches the ground plate, an increase in static
pressure also occurs in the nozzle. Figure 15 shows a typical plot of
average values of the ratio {pJ/Pn)/(p37;2)0 as a function of h/Db for

nozzle configuration A. With no ground plate or before a change in jet
shape (h,,.) occurs, this ratio is 1.0. The ratio (PJ/Pn)/(Pj/Pn)o in-
creases~for h/Db values less than critical. For nozzle pressure ratlos

less than choking the values of (pJ/Pn)/(pj/Pn)o at a given value of
h/D, become greater with increasing P,/py velues. For P,/py values

greater than choking, values of (Pj/Pn)/(Pj/Pn)o at a given value of -

h/D, +then decrease with an increase in. Pp/pg and tend to approach the
initial ratio of 1.0. An increase in the ratio (pJ/Pn)/(pJ/Pn)O as
h/Db decreases below the critical values indicates that the Jet exit
velocity decreases and at pressure ratibs above choking becomes less

than sonic. The mass ‘flow through the nozzle, however, remains es~
sentially constant under these conditions.

Ground pressure profiles, -~ Typical pressure flelds on the ground
are shown in filgure 16 as a function of radial distance along the ground
measured from the nozzle centerline. The data shown are for nozzle con-
figuration A with nominal nozzle pressure ratlos of 1.8 and 2.1. When

RR2%
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the ground is at a large distance from the nozzle (h/Db, 2.13) and the
jet shape is similar to that shown in figure 7(b), the ground pressure
profile is that shown at the bottom of figure 16. At an h/Db of 1.33
and a jet shape similar to thet shown in figure 7(c) thrust augmentation
has begun, and the ground profile is wider but of smaller magnitude than
that at an h/D, of 2.13. With decreasing h/Dy, the ground profile
again becomes narrower downstream of the nozzle, and the pressure in-
creases in the region bounded by the annular jet streeam. In addition, a
peak pressure occurs where the jet stream impinges on the ground (at

Z/rb values of 1.50 and 1.25 for h/Db values of 0.56 and 0.18, respec-
tively). No significant differences in ground profile are noted for noz-
zle configuration A with a change In nozzle pressure ratio except for an
Increase in ground pressure as the nozzle pressure ratlo increases. For
the same nozzle pressure ratio no significant differences in ground pres-
sure profiles were noted for various annular-nozzle configurstions.

Effect of ground incidence angle on thrust augmentatlon. - A limited
study of the effect of ground incidence angle to an annular nozzle showed
that the thrust augmentation was reduced with increasing ground incidence
angle. The thrust augmentetion for nozzle configuratlon A In terms of
the thrust parameter CFt/Aij}(Aj/At)O'ls is shown in figure 17 as a
function of h/Db for ground incidence angles of 90°, 85°, and 75° and
& nozzle pressure ratlo of 2.1. The value of h for the data at -a ground
incidence angle is the distance from the nozzle base plate center to the
ground measured on the jet axis. For a particular value of h./Db the
data show that for a ground incidence angle of 85° the thrust augmenta-
tion is sbout 2 to 5 percent less than that for an angle of 90°. At an
incidence angle of 75°, the thrust augmentation is gbout 11 to 14 percent
less than that at 90°. ) - :

Thrust characteristics without ground. - The thrust of an annular
nozzle without ground effect is less than that for a conventlonal circular
nozzle. The thrust for an snnular nozzle is reduced by the negetive pres-
sure on the nozzle base plate. A comparison of the thrust obtained ex-
perimentally with annular nozzles and that obtained theoretieslly with a
circular nozzle is shown in flgure 18. The date, as a function of nozzle
pressure ratio, ere shown in figure lS(a) in terms of thrust per unit
area, while those shown in figure 18(b) are in terms of the dimensionless
thrust parsmeter Ft/AJPj‘ The annular nozzles without ground effect

produce sbout 20 percent less thrust than thaet calculated theoretically
for circular nozzles.

Clrculear Nozzles

Effect of ground on thrust. - The thrust cobtained with & circular
nozzle decreased in the proximity of the ground. Figure 19 shows the
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thrust parameter Ft/AJPj for a circulsr nozzle in terms of a ground

proximity paremeter h/D for nozzle pressure ratios of 1l.18 to 2.7L.
The initial value of Fy Aij veries with nozzle pressure ratio, as
might be expected from theory. With lncreasing pressure ratio the ini-
tlal thrust peremeter decreases. For example, with pressure ratios of
X.16 and 2771 the initial thrust parameters are 1.67 and 1.34, resPec-
tively. For any glven pressure ratlio the thrust parameter Ft

remains constant as the nozzle approaches the ground until a cri%ical
h/Ds value is reached, For distances less than hcr/D the thrust pa-
rameter decreased, With an increase in pressure ratio the critical dis-
tance from the ground to the nozzle at which a thrust loss was obtained
decreased, For example, at a pressure ratioc of 1.16 the critical h/D
distance occurred at-about 0,925, while at a pressure ratio of 2,71 the
critical h/D; occurred at 0.57. At h/D, values less than sbout 0.3
the thrust parameter wes not significantly different for the range of
initial pressure ratios covered herein. No photographs of-the jet shape
with the circular nozzles in the proximity of the ground were obtained;
hence, possible changes in Jet shspe due to ground effect could not be
ascertained.

Critical ground distance for initiel thrust loss. - From the data of
figure 19 the critical distance from the ground to the nozzle at which =a
thrust loss occurs csn be determined. Figure 20 shows the critical h/Dg
location at which Ft/AJPj starts to decrease as a function of nozzle

total~pressure ratio. For the limited range of nozzle sizes studied it
would appesr that the ground effect on the critical h/D value is inde-
pendent of nozzle diameter and dependent primarily on nozzle pressure
ratio.

Effect of ground on Jet total pressure. - The effect of a ground
surface on Jet total pressure as a function of h/DS is shown In figure
21 for several nozzle pressure ratios. These data show that an increase
in jet total pressure occurs when the nozzle reaches h./DB values near
the ground. The ground-to-nozzle distance at which this dncrease in Jet
total pressure occurs colncides with that for which the thrust perameter
begins to decrease (fig. 19). The increase in Jet total pressure due to
ground effect for the circular nozzle (fixed flow area) 1s similar to
that discussed for the annular ground nozzle and 1s indicative of a back
pressure effect on an englne.

Thrust without ground. - The thrust of the clrculsr nozzles in terms
of Ft773 and F./A PJ is shown in figure 22 as a function of nozzle

pressure ratio. Also shown in figure 22 is the theoretical thrust for a
clrculer nozzle. The data indicate that the experimental nozzles dis-
charging into still alr had sboubt a 1lO-percent loss in thrust compared
to that calculated from theory.

668%
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CONCLUDING REMARKS

This exploratory study of the ground proximity effects on exhsust
nozzles has shown that, with an annular nozzle operating near the ground,
thrust increasses up to 50 percent greater than the thrust obtainsble with .
& circular nozzle of equal flow area and without ground effect can be
achieved. These large thrust-asugmentation values occur at nozzle-to-
ground distances sbout 0.2 times the nozzle centerbody or base diameter.
The thrust sugmentation, however, is accompanied by an increase in the
jet total pressure, this pressure increase constituting a back pressure
on the engine. In the spplication of an ennular nozzle to novel alrcraft
in which the Jjet stream supports the aircraft weight during tekeoff or
landi e charaecteristics of th ust aken-lnto-accounds
Tn order to elevebte and support the aircreft a reasonsble dilstance above \
the ground, perhaps 4 to 8 feet, a nozzle with a large base and a rela-
tively small annular slit would be required. ch a nozzle conilg EEETJ
wou g the Lower of the fuselage for the
nozzle base or using delta or circular wing platforms. A varlsble-area
exhaust nozzle would alleviate the problem of back pressure on the engine,
at some cost in thrust augmentation, however. The thrust loss assoclated
with operation of en annular nozzle without ground effect is of secondary
importance, since the annular nozzle is primarily intended to operate
near the ground where the ground effect would more than overcome this
thrust loss. For the same engine thrust an aircraft supported by an ’
snnular Jjet stream could conceivably teke off from an improved landing
strip (perhaps a light-weight steel mesh runway) with a grester payload
or fuel capacity than could a conventlonal tail-sitting vertical-takeoff-
and-lending aircraft. The assumption is made, of course, that the incor-
poration of an annular nozzle for takeoff and landing does not compromise
the weight of the aircraft prohibltively. | '

With & circular nozzle a thrust loss is incurred when the nozzle is
in the proximity of & ground surface (about 0.3 times the exhsust-nozzle
diemeter from the ground at nozzle pressure ratios used on turbojet en-
gines). The ground effect on a circular nozzle will determine to a large
degree the minimum ground-to-nozzle distence for an aircraft equipped
with a rotateble engine installation. Similarly, for tell-sitting
vertical-tekeoff aircraft the critical ground-to-nozzle distance will
help esteblish the landing-gear arrangement requlred in order to utilize
meximum engine thrust for takeoff. '

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, Jenuary 18, 1957
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Figure T. - Typical jet shapes as annular nozzle approaches ground. Nozzle pressure

ratio, approximately 1.65.
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annular nozzle with theory for circuler nozzle. Atmospheric
pressure for circular-nozzle calculation, 2116 pounds per
square foot.
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Figure 18. - Concluded. Comparison of thrust without ground
effect for annular nozzle with theory for circular nozzle.
Atmospheric pressure for clrcular-nozzle calculation, 2116
pounds per square foot.

43



Thrust paresmeter, Ft/Ad?j

2.2 I I
Nozzle
) :
"
g B Initial nozzle
F Pregsure ratio,
1.8 PD/PO T
P o O < " 1.16
L~ - - 1.49
0 - ~1.56
1.4 —C—++5 == 2 7 .02
- O —p— OO h - o 2.20 4 -.71
- & v -
1.0
0 .4 .8 - l.2 1.8 2.0 2.4 2.8
Ground proximlty psrameter, h/D,
Figure 19. - Effect of ground proximity on thrust of circular nozzle.
Il ‘.;’ - ' .
- » » i * ! - b

- 6637

44

286¢ NIL VOVN



NACA TN 3982
o 3.0
[ep]
Al
<
- 2.6 %
S \
By
[a ¥}
S 2.2
=]
B
= \ Nozzle
[ - _ 1
: oz
% O F
0 1.8
[T}
(3]
—~
N
. N -
O
= )
\(‘]
. 1.4 A
1.0

.4 -6 .8 luo
- : - -Ground promixity parameter, h/Ds
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Figure 22. - Comparison of theoreticel and experimental thrust
velues for circular nozzle discharging into still alr.
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